The application of finite element method (FEM) in the area of metal forming and material processing has significantly increased in the recent years. The study presented provides details of the development of a finite element modelling approach to form a part via a sheet hydroforming (SHF) process. Both FEM analysis and experimental trials were introduced in this study to produce a complex shaped component from Inconel 718 material. The FEM provides a robust feasibility study for forming this part in terms of blank design, load path and process design optimisation. The simulated hydroformed part was validated by performing experimental trials. The analysis demonstrated close correlation between the predicted FE model and the physical trial.
Introduction
Hydroforming is a widely used industrial process to form complex shaped components. Compared to other traditional manufacturing methods (such as stamping), hydroforming enables the forming of parts with better quality in terms of tighter tolerances, increased rigidity and lower manufacturing costs resulting from a reduced number of forming and assembly operations. Moreover, with the advent of new technological capabilities, in particular more complex and improved control systems, hydroforming has become a flexible, reliable, and hence attractive technology [1] . Hydroforming deep drawing is one of the hydroforming processes used in industry to produce complex sheet components with a high drawing depth. A pressurised fluid acts against a workpiece. As the punch travels, the workpiece begins to deform into the required shape. The main advantages of sheet hydroforming are: improvement of material formability, reduction of the effect of friction on the formed part accuracy and the reduction of forming stages [3] . The analysis of tearing and wrinkling as common failure modes in hydroforming has highlighted that they are caused by inappropriate interaction between the fluid pressure and the punch stroke. Fig. 1 shows schematically the interaction between the pressure and the punch stroke. Failure of the part by wrinkling is a result of insufficient fluid pressure and high punch stroke (green dashed line load path in Fig. 1 ). Failure by rupture on the top and wall of the part is a result of excessive fluid pressure with insufficient punch stroke (blue dashed line load path in Fig. 1 ). In this work, a suitable and optimised punch-stroke pressure path (solid red line load path in Fig. 1 ) is achieved to avoid rupture and wrinkling [4, 5] . The objective of this paper is to develop a finite element modelling approach for the hydroforming process. The FEM work was carried out to predict the load path required to form the complex component shape. If it was possible to correctly predict the forming cycle from FEM and validate the process used, then it is reasonable to assume that this can be carried out for analysis on future components, reducing the number of practical trials required during new product introduction (NPI) and assessment of existing components. The FEM model was validated by experimental trails which were performed using a 1000 Tonne hydraulic hydroforming press. 
Experimental Programme
In all experimental trails, the Inconel 718 sheet material with a thickness of 1.6 mm and chemical composition (50 -55 % Ni+Co, 17 -21 % Cr, BAL Fe, 4.75 -5.5 % Nb+Ta, 2.8 -3.3 % Mo, 0.65 -1.15 % Ti and 0.2 -0.8 % Al) was used.In the numerical calculations of the forming process the material data presented in Table 1 were used. The mechanical properties have been determined experimentally in the tensile test. Experimental Setup and Process Design.The optimisation of load path and process design was a key part in this study. The purpose of the FE modelling was to design and predict the forming process in terms of the hydroforming stages, pressure cycle and the capability of the FE code to accurately implement the process and the FE predicted load path. The 1000 Tonne hydroforming press used for the validation work operates by using a cam control system. Each of the cams are adjusted in height using a nut which sets a dial-test indicator (DTI) position to adjust the allowable pressure applied to the component at a certain stroke position within the forming cycle.The part was hydroformed to a total height of 90 mm via two separate hydroforming stages (45 mm and 43 mm + 2 mm coining) with an inter-stage heat treatment performed between the two hydroforming stages to recover the material ductility. Fig. 3 shows the hydroforming process design for the part. The coining stage,performed using a coining ring as shown in Fig. 2 , was carried out directly after the second hydroforming stage. The coining of 2 mm depth was carried out to achieve a required fillet with radius (5 mm) in the flange of the part. Experimental Trials. In this section, the pressure cycles for each forming stage of the component are presented in terms of relationship between the pressure and stroke. This relationship is known as the "load path" in the hydroforming process. The load path was loaded into the hydraulic press based on the FEM investigation.
Hydroforming Stage 1. Based on the model iterations adopted in the FEM, the load path was optimised to avoid tearing and wrinkling. Fig.3a and 3b show the predicted load path and experimental formed part from the first hydroforming stage with height of 45 mm. Hydroforming Stage 2. Prior to the second stage, the part formed from the first hydroforming stage went through an inter-stage heat treatment. The second hydroforming stage for the part was performed by applying the predicted load path as outlined in the FEM analysis (Fig.4a ), and is shown in Fig.4b . The required height and fillet radius were hydroformed successfully. 
Process FEM Simulations
The baseline model was set up in PAM-STAMP (2G 2015) FE software. Both the tool and the blank were meshed with 4-node shell elements with a mesh refinement of level 3. The boundary conditions were assigned to each part of the tool. In this study, a series of FE simulation models were performed to investigate the modelling approaches with a suitable blank shape, load path and forming process. The optimised blank shape and the FE model for the proposed part are shown in Fig.5a and 5b. Final validation which included a direct comparison of the part geometry by electronically overlaying the FE simulated part with the scan of the formed part using the GOM Atos system to check the deformation features of the part.
Model Validation-Hydroforming Stage 1. Fig.6 shows the initial FE model validation where a direct comparison of the simulated and formed parts was performed using different views. A close correlation between the model and trial output in terms of part deformation was observed. This initial FE model validation provided confidence in the FE approaches adopted and proved that the model was able to represent the hydroforming process and predict the formed geometry for complex components.
In addition to the above initial observation, a direct comparison of the thickness distribution of the simulated part against the scan of the formed part using the GOM Atos system was performed to validate the model, as shown in Fig.7 . As seen in the figure, good agreement was observed in the regions of maximum thinning and thickening and in the predicted thickness distribution between the FE model and the scan of the formed part. 
FE Model Validation-Hydroforming Stage 2.
After the second stage hydroforming trials were completed, the second FE validation phase was performed. In this section, the thickness distribution and geometry comparison between the FE simulation and the 3D scanned parts were analysed. A direct comparison of the thickness distribution of the part was performed between the simulated part and the 3D electronic scan using the GOM Atos system. Agreement was observed for the thickness distribution comparison, as shown in Fig.8 . The third step to validate the FE model was performed by scanning the formed component using the GOM Atos system and overlaying it on the FE simulated part to confirm the deformation features of the part. This is shown in Fig. 9 . From the figure some points can be highlighted:
The green colour indicates a perfect match between the formed and the FE simulated parts.
The red colour indicates that the formed part is "higher" than the simulated part.
The blue colour indicates that the simulation is "higher" than the formed part. Fig.9 shows the overlaying of the GOM Atos scan of the formed part with the FE simulated part. Some differences in the flange area were observed. These were due to the distortion caused by plastic deformation and heat treatment during the experimental trials. The front view of the formed part is shown in Fig.10 to highlight these findings. However, only the first 40 mm of this flange is within the usable area of the part. Fig.9b shows a representation of the part after trimming the flange. Excellent agreement was achieved in this area of the flange between the simulated and 3D scan of the part. These results provided significant confidence in the FE model and proved that the developed FE approach predicted and represented accurately the hydroforming process and the final geometry of the formed part. 
Conclusions
In this paper a complex shaped component has been successfully formed using a non-traditional forming process: sheet hydroforming. This paper details the development of a finite element modelling approach for this forming process. Robust material characterisation data for Inconel 718 material was generated and used to develop a FEA model. The model was validated by performing hydroforming experimental trials for a complex component using Inconel 718 sheet material. The parts produced via experimental trials to validate this model were shown to have very close agreement with the FE model.
